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Although pathogens must infect differentiated host
cells that exhibit substantial diversity, documenting
the consequences of infection against this heteroge-
neity is challenging. Single-cell mass cytometry
permits deep profiling based on combinatorial ex-
pression of surface and intracellular proteins. We
used this method to investigate varicella-zoster virus
(VZV) infection of tonsil T cells, which mediate viral
transport to skin. Our results indicate that VZV in-
duces a continuum of changes regardless of basal
phenotypic and functional T cell characteristics.
Contrary to the premise that VZV selectively infects
T cells with skin trafficking profiles, VZV infection
altered T cell surface proteins to enhance or induce
these properties. Zap70 and Akt signaling pathways
that trigger such surface changes were activated in
VZV-infected naive and memory cells by a T cell
receptor (TCR)-independent process. Single-cell
mass cytometry is likely to be broadly relevant for
demonstrating how intracellular pathogens modu-
late differentiated cells to support pathogenesis in
the natural host.
INTRODUCTION
Like other intracellular pathogens, herpesviruses encode many
proteins that change the host cell environment. This process oc-
curs in the context of heterogeneous conditions in differentiated
host cells targeted during pathogenesis and is multifactorial and
redundant. Single-cell mass cytometry is a recently developed
technique to study complex biological systems using quantita-
tive, high-dimensional analysis of the simultaneous expression
of more than 40 proteins per cell, detected with metal-isotope
labeled antibodies (Bjornson et al., 2013). Its value for defining in-
dividual cell states has been shown by measuring combinationsof phenotypic and functional characteristics in immune and
hematopoietic cells (Bendall et al., 2011; Newell et al., 2012).
Varicella-zoster virus (VZV), a human a-herpesvirus, causes
varicella and zoster. The model of primary VZV infection is
entry via respiratory epithelial cells, infection of T cells in local
lymphoid tissue, and transport by T cells to skin sites of replica-
tion (Arvin andGilden, 2013). Infected tonsil T cells retain chemo-
tactic functions (Ku et al., 2002), and their capacity to deliver
infectious virus into human skin was shown in the severe com-
bined immunodeficiency (SCID) mouse model (Ku et al., 2004).
VZV induces inhibition of apoptosis and interferons (IFNs), and
contributions of some viral proteins to T cell infection have
been identified (Zerboni et al., 2014), but a comprehensive
assessment of VZV effects on T cells has not been possible.
Thus, VZV T cell tropism offered a system to assess whether
single-cell mass cytometry might improve our understanding of
critical virus-host cell interactions.
Knowledge about the differentiation of human T cells was a
rich context to assess the value of single-cell mass cytometry
analysis of virus-induced perturbations. Intracellular signaling
in T cells is tightly controlled to support functions that follow acti-
vation initiated through the T cell receptor (TCR)-CD3 complex
and coreceptors. TCR stimulation by cognate antigens triggers
phosphorylation of receptor and nonreceptor protein kinases
and transcription factors that orchestrate downstream cellular
processes and regulate surface expression of cluster of differen-
tiation (CD) proteins. Characteristics that promote T cell skin
homing include the transition from a naive to activated, effector
memory phenotype, reduced CCR7, CD27, and CD127, and
increased CCR4 and cutaneous leukocyte antigen (CLA) (Camp-
bell et al., 1999; Santamaria-Babı´, 2004). The capacity of single-
cell mass cytometry to capture complex profiles, when no one
cell trait constitutes a functional determinant, was amajor reason
to explore its use for investigating virus-induced changes. High-
dimensional protein expression analysis also has the potential
to document infection-induced changes despite the stochastic
conditions in differentiated host cells.
Single-cell mass cytometry requires tools to visualize and
interpret large-scale data sets comprising millions of single-cellCell Reports 8, 633–645, July 24, 2014 ª2014 The Authors 633
measurements such as orthogonal scaling (Principal Compo-
nent Analysis [PCA]), agglomerative hierarchical clustering, and
computational algorithms like Spanning Tree Progression Anal-
ysis of Density Normalization Events (SPADE) (Bendall et al.,
2011, 2012; Newell et al., 2012). For this work, a new statistical
method termed Single Cell Linkage using Distance Estimation
(SLIDE), based on principles of nearest neighbor analysis, was
developed to demonstrate the multiparametric proteomic
changes in VZV-infected T cells.
Our premise in applying single-cell mass cytometry to investi-
gate VZV lymphotropism was that infection would be selective
for cells with characteristics that facilitate skin transfer as sug-
gested by our earlier study (Ku et al., 2002). Instead, single-cell
analysis showed that VZV infected both naive and memory
T cells, resulting in activation of intracellular signaling pathways
and reconfiguration of cell surfaces to profiles known to enhance
skin trafficking. The significant general principle that emerged is
that infection with a virus such as VZV, which is highly adapted to
its host, can dramatically remodel differentiated target cells
despite their diversity. We conclude that single-cell mass cytom-
etry is a valuable tool to document the complex multiparametric
modulation of the properties of differentiated host cells elicited
by intracellular pathogens.
RESULTS
VZV Infection Alters the Phenotypic Hierarchy of Tonsil
T Cells
We first generated a high-resolution map of the tonsil T cell
repertoire by testing up to 44 parameters/cell (see Supplemental
Experimental Procedures). Uninfected (UI) T cells (2–3 3 106
cells from five subjects) were characterized using antibodies to
surface markers associated with T cell activation, differentiation,
and trafficking. Because differential expression of CD4, CD8,
CD45RO (memory), and CD45RA (naive) proteins classifies
T cells, for the most part, into distinct subpopulations, these
four proteins were chosen as ‘‘core proteins’’ to construct
SPADE trees for visualizing basal phenotypes (Figure 1A). Most
tonsil T cells were distributed in three major groups: CD4
memory (CD4+CD45RO+; CD4+M), CD4 naive (CD4+CD45RA+;
CD4+N), and CD8 naive (CD8+CD45RA+; CD8+N) (Figure 1A,
arrows), or a few low frequency subpopulations, e.g., CD8+
memory and double-negative (CD4CD8) or double-positive
(CD4+CD8+) T cells. We then used the PCA-based dimension
reduction technique on the multidimensional data cloud repre-
senting all of the surface markers to obtain three orthogonal
directions that explain the maximum variability of the data (Gen-
ser et al., 2007). The first three principal components accounted
for 60% of variability in the UI T cell data set (Figure S1A).
The score plot validated that the variations in the data in the
first three components were largely contributed by differential
expression of the four core markers (Figure 1B). The T cells
were distributed into three predominant cell clouds correspond-
ing to CD4+M, CD4+N, and CD8+N T cells with these cluster
determining factors (Figure 1C).
Agglomerative hierarchical clustering was used to identify
commonality among cells and groups of cells. T cells were clus-
tered using the Euclidean dissimilarity measure based on all of634 Cell Reports 8, 633–645, July 24, 2014 ª2014 The Authorsthe phenotypic markers and Ward’s minimum variance method
of agglomerative clustering (Partek Genomics software), and
the data were visualized as a heatmap (Figure S1B). The domi-
nant three hierarchical clusters resembled those observed by
SPADE and PCA, thus confirming the power of ‘‘core proteins’’
in describing phenotypic characteristics. Next, to study T cell
subpopulations at finer resolution, we assessed the subpopula-
tions characterized by the presence or absence of the four ‘‘core
proteins.’’ Twelve of 16 possible subpopulations were found
to be reproducible with similar phenotype distributions and
proportional representations among tonsil T cells from different
subjects (Figure S1C).
To investigate the consequences of VZV infection, CD3+ tonsil
T cells were incubated with infected human embryonic lung
fibroblasts (HELF), yielding5%–10% infected T cells (V+), iden-
tified by VZV glycoprotein E expression, as well as uninfected
bystander (Bys) T cells. V+ T cells expressing gE were detected
only in discrete SPADE nodes, confirming gE antibody specificity
(Figure S1D). In subsequent analyses, V+ T cells were compared
with the Bys and UI T cells (Figure S1E). By PCA and agglomer-
ative clustering, V+ T cells presented a distinct hierarchical pro-
file compared to the Bys and UI T cells. By PCA, V+ T cells were
distributed into two groups (a and b) in contrast to Bys and UI
T cells (Figure 1D versus Figure 1B; Figures S1F and S1G).
Phenotypic changes were further assessed by pooling the V+
T cells with an equivalent number of randomly selected UI and
Bys T cells in reiterative analyses to control for fewer numbers
of V+ T cells. Most V+ T cells formed a unique cell cloud having
only a partial overlap with UI and Bys CD4+M T cells (Figure 1E),
whereas UI and Bys T cells showed fully congruent phenotypic
distributions (Figure S1H). Notably, the similarity of the Bys and
UI T cells indicated that the basal phenotypic hierarchy of tonsil
T cells was not altered indirectly by exposure to infected HELF,
V+ T cells, and/or secreted factors. Comparisons with UI
T cells also controlled for any changes on V+ or Bys T cells due
to potential HELF alloreactivity. By agglomerative clustering,
most V+ T cells clustered with the CD4+M branch of UI and
Bys groups (Figure 1E, right); however, V+ T cells formed a
discrete subcluster within this branch, further indicating that V+
T cells expressed unique phenotypic characteristics. Similar
patterns were reproducibly observed when V+ T cells were
reiteratively compared with UI and Bys T cells and in different
subjects. Thus, the hierarchy of the V+ T cells did not conform
to the basal phenotypic distribution of UI T cells. These observa-
tions suggested that VZV either preferentially infected a minor
T cell population, too rare to form a detectable cluster within
the UI and Bys groups, or modulated surface protein expression,
either through direct effects of viral gene products or intrinsic
cellular responses, thus creating distinct T cell profiles.
VZV-Induced Alterations in T Cell Surface Proteins
Associated with Activation and Migration
V + T cells showed significant differences in expression levels of
several T cell surface proteins compared to Bys and UI T cells
(Figure 2A) and by SPADE (Figures 2B–2E and S2A–S2C). These
changes were bidirectional, including increased CD69, CD28,
CD49d, CD11a, and programmed cell death-1 (PD-1; CD279)
and reduced CD3, CD7, CCR7, CD27, CD44, CD38, and
Figure 1. VZV Infection Alters the Phenotypic Hierarchy of Tonsil T Cell Populations
(A) UI T cells were distributed by SPADE into 50 nodes based on four core markers CD4, CD8, CD45RO, and CD45RA (representative experiment). Nodes are
cells with a similar profile placed in proximity to nodes with closely related profiles, with size proportional to number of cells. Node colors in (i) and (ii)–(v) indicate
cell count and median intensity of protein expression, respectively (blue: minimum; red: maximum. Arrows indicate the three major subpopulations. DP, double-
positive CD4+CD8+; DN, double-negative CD4CD8.
(B) 3D visualization of UI T cells by PCA displaying each cell (red dot) by the coordinates of its first three principal components based on expression of 17 surface
proteins. The three distinct cell clouds correspond to the dominant subpopulations; M, memory; N, naive (see Figure S1B).
(C) Subpopulations of UI and V+ T cells were characterized by proportions expressing the four core markers (yellow: minimum; red: maximum.
(D) 3D visualization of V+ T cells by PCA (left); contribution of variance from each variable in each of the three principal components is shown in Figure S1G. V+
T cells were distributed into two cell clouds (a and b). Hierarchical cluster heatmap of V+ T cells (right panel); each row denotes a cell and each column represents
a protein; the color scale indicates protein expression levels. Dendrograms denote the Euclidean distance between clustered cells.
(E) Hierarchical relationship of pooled UI, Bys, and V+ T cells based on surface phenotypes by PCA (left) and agglomerative clustering (right) of equal numbers of
cells from each population. V+ T cells were iteratively compared with a randomly selected equal number of UI and Bys T cells; a representative iteration is shown.
See also Figure S1.CD127. CD45 and CD3D were unchanged (Figure S2C). The
implications of these changes are as follows, keeping in mind
that combinations of properties determine the phenotypic and
functional profile of T cells.
Enhanced CD69 and PD-1 indicated that VZV-infected cells
were activated; CD69was present on almost all memory or naive
V+ T cells although expression was lower on naive T cells. In
contrast, CD69 was detected primarily on CD4+M T cells of the
UI and Bys groups (Figure 2B). CD28, a costimulatory protein
required for activation, was increased on both memory and
naive V+ T cells compared to low levels on UI/Bys T cells (Fig-
ure 2C). PD-1, a member of the CD28 family of T cell regulators,is typically upregulated during T cell activation and is a negative
regulator of TCR signaling and associated with T cell anergy. V+
T cells showed increased PD-1 at 48 hours postinfection (hpi),
(Figure 2D), which was sustained at 72 hpi. The upregulation of
CD69 and PD-1 on naive V+ T cells indicated that VZV induced
activation, even when conditions within the target cell required
a more potent stimulus.
In marked contrast to UI T cells, all V+ T cells, whether memory
or naive, were CCR7, CD27, and CD127, indicating a tissue
homing and effector phenotype (Figure 2E). In keepingwith these
tissue trafficking properties, V+ T cells displayed enhanced
expression of both CD11a and CD49d (Figure 2E), integrinsCell Reports 8, 633–645, July 24, 2014 ª2014 The Authors 635
Figure 2. Alterations in T Cell Surface Proteins Associated with Activation and Migration on VZV-Infected T Cells
(A) Box plot of changes in cell-surface protein and VZV gE protein expression (x axis) on all V+ T cells (green) compared to UI (red) and Bys (blue) T cells
(representative experiment). Each box depicts the 25th and 75th percentile and median (center line) expression values (y axis); whiskers indicate 1.5 times the
interquartile range. Fold change in the median expression of the proteins was determined between V+ versus UI, V+ versus Bys, and Bys versus UI T cells.
Bonferroni correction adjusted p values from one-sided, two sample Wilcoxon tests corresponding to the alternative hypotheses of more than 20% change in
protein expressions (in arcsinh scale) in the V+ T cells were determined; p values (***p < 0.001) are shown where V+ T cells were significantly different from both
UI and Bys T cells and UI and Bys T cells did not differ.
(B–E) SPADE trees showing differential expression of cell-surface proteins indicated on UI and V+ T cells across phenotypic hierarchies (Bys T cells shown
in Figure S2A). Median intensity values of protein expression are denoted by the node color (blue: minimum; red: maximum). Kinetics of PD-1 expression in UI
and V+ T cells at 48 (left panel) and 72 hpi (right panel) across T cell phenotypes are shown in (D).
(F) Dot plots of CXCR5 and PD-1 dual expression on UI, Bys, and V+ T cells determined by flow cytometry.
(G) Dot plots of CCR4 and CLA expression on all UI, Bys, and V+ T cells (upper panels) and on the subpopulations of CXCR5+ T cells (lower panels). See also
Figures S2 and S3.that are co-stimulatory for activation and mediate trans-endo-
thelial cell migration.
The reduction of CD7 on V+ T cells compared to UI/Bys T cells
(Figure 2E) was of interest in the context of skin homing because
CD7 depletion is a hallmark of malignant T cells that accumulate
in the skin of patients with cutaneous T cell lymphoma (CTCL)
(Labastide et al., 1990). Reduced CD7 was consistent with
decreased CD3ε expression on the V+ T cells compared to the
UI/Bys T cells (Figure 2E); low CD3ε causes calcium perturbation
that mediates CD7 loss (Akl et al., 2007b). In contrast, the CD3d
isoform was unaltered on V+ T cells (Figure S2C). Combinatori-636 Cell Reports 8, 633–645, July 24, 2014 ª2014 The Authorsally, high PD-1 and lack of CD3ε suggests that the V+ T cells
would be less susceptible to further activation and likely
impaired for active immune function.
PD-1 is also a marker of tonsil follicular T cells (Tfh) that help
B cell development in tonsil germinal centers. To further explore
the PD-1 increase, expression of CXCR5, a Tfh marker, was
assessed by fluorescence cytometry. More than 50% of the V+
T cells expressed both PD-1 and CXCR5, mostly at low levels
(Figure 2F). Expression of low levels of CXCR5 is a characteristic
of ‘‘emigrant’’ memory T cells that exit lymphoid tissues
(Fazilleau et al., 2009). Additional experiments showed that
Figure 3. Analysis of Combinatorial Surface Changes on VZV-Infected T Cells
(A) Box plots showing variations in expression of the four core and 13 other T cell surface proteins on UI (red) and V+ (green) T cells in CD4+M, CD4+N, and CD8+N
subpopulations (representative experiment). Fold changes in the median expression of the 13 noncore proteins were determined; Bonferroni correction adjusted
p values from one-sided, two sample Wilcoxon tests corresponding to the alternative hypotheses of more than 20% change in protein expressions (in arcsinh
scale) in the V+ T cells were determined ***p < 0.001; **0.001 < p < 0.05; y axis: the arcsinh value of protein expression, x axis: proteins tested. See Figure S4.
(B) Schematic representation of single-cell linkage distance estimation (SLIDE) analysis. Each V+ T cell (green) from any given subpopulation was matched with
every UI T cell (red) to identify its closest neighbor, UInn (purple), which was most similar based on combinatorial expression of 13 noncore surface markers. The
UInn T cell was subsequently matched to its nearest neighbor, UIui-nn (orange), in the UI population. Measured absolute distances between these nearest neighbor
T cells were denoted as d1 and d2.
(C) The d1:d2 ratio, calculated for each T cell in a given subpopulation (x axis), was averaged and plotted (y axis) with confidence intervals incorporating 95%
of V+ T cells.35%–40% of all V+ T cells expressed CCR4 and CLA, which
are markers of skin trafficking, as did the subpopulation of
CXCR5+ V+ T cells (Figure 2G).
Next, to enable comparisons across phenotypically similar
UI and V+ populations at a finer resolution, we mapped the dis-
tribution of V+ T cells among the 12 subpopulations of the tonsil
T cell hierarchy as defined by the core markers. Notably, V+
T cells were present in all 12 subpopulations, albeit at variable
frequencies (Figure S1C). The intrasubpopulation heterogeneity
in protein expression among the UI T cells as well as the changes
observed in the V+ T cells in each of these 12 subpopulations
compared to the analogous UI T cells were demonstrated
(Figures 3A and S3). Overall, changes on V+ T cells among the12 subpopulations were similar to those observed in the analysis
using total populations.
In summary, these statistically significant differences in indi-
vidual markers on single V+ T cells compared to Bys and UI
T cells demonstrated that most infected cells had properties
typical of activated effector memory T cells with tissue homing
traits that are preferential for skin trafficking, and would be
expected to lack immune function capacity.
Analysis of Combinatorial Surface Changes Indicates
VZV-Induced Remodeling of T Cells
Next, we asked whether the unique cluster of V+ T cells (Fig-
ure 1D) was a consequence of preferential infection of T cellsCell Reports 8, 633–645, July 24, 2014 ª2014 The Authors 637
with particular characteristics as postulated previously (Ku et al.,
2002), or whether VZV infection induced cell surface remodeling.
To answer this question, and to take into account the relatively
low frequencies of infected T cells (5%–10%), we developed
Single Cell Linkage by Distance Estimation (SLIDE). This statisti-
cal method uses the nearest neighbor algorithm to estimate
absolute distances between single cells based on a chosen
constellation of surface proteins (in this case the 13 CD proteins
other than the four core proteins), with these distances being
a measure of the similarity between the two cells being com-
pared (Devroye and Wagner, 1982). SLIDE involves a two-step
comprehensive statistical comparison of V+ and UI T cells,
testing all possibilities and involving 109 comparisons, based
on single-cell data from each subject (Figure 3B). In Step 1,
each V+ T cell was matched to all UI T cells in the corresponding
subpopulation to identify the UI T cell, designated UInn, that
resembled it most closely based on the combinatorial expres-
sion of the 13 proteins, and the absolute distance, d1, in this
‘‘13-dimensional’’ space was determined between the two cells,
V+ and UInn. In Step 2, that nearest neighbor UI T cell (UInn) was
matched to the remaining UI T cells to identify the UIui-nn T cell,
which was most similar to the UInn T cell. The absolute distance
between the two UI T cells, d2, was similarly determined. These
two steps were iterated for every V+ T cell within each of the 12
subpopulations, to obtain a corresponding set of d1 and d2
values and the d1:d2 ratio was calculated for each V+ cell. The
average d1:d2 ratio was then calculated for each subpopulation
and plotted on the y axis (Figure 3C). We posited that if most V+
T cells in the multidimensional space (defined by the 13 surface
markers) were more distant from the UI data cloud than the
local density in the UI subspace occupied by UI T cells most
closely resembling the V+ T cell profile, in other words, if the
average d1:d2 was >>1, then the occurrence of the V+ T cell
profile could be attributed to a remodeling event. The average
d1:d2 ratio (y axis) was >>1 in all subpopulations (x axis) (Fig-
ure 3C), thereby providing statistical evidence that VZV infection
results in remodeling of the T cell surface architecture rather
than targeting a pre-existing small population of T cells.
VZV Infection Modulates Cell Signaling Pathways
in T Cells
Given the evidence for remodeling of surface activation and
migration markers on V+ T cells, we examined if modulation of
key T cell signaling pathways could underlie these phenotypic
perturbations. Because signaling changes are often subtle and
depend on stimulus duration and intensity, the phosphorylation
state of proteins known to be involved in these processes was
examined at 48 and 72 hpi. SPADE hierarchies generated with
UI, Bys, and V+ T cells were used to quantify median values in
each node and fold changes in phosphorylation for individual
proteins within nodes compared to UI T cells, taken as the
baseline (Figures 4 and 5).
Zap70 phosphoryation is a critical signaling event for T cell
activation during TCR engagement. Overall, V+ T cells had sig-
nificantly more pZap70 than UI or Bys T cells (p < 0.001) and
the maximum likelihood proportion estimates of pZap70+ and
their variances were 34% ± 1% in V+ and 23% ± 3% in UI
T cells (Table S1). V+ T cells in discrete SPADE nodes within638 Cell Reports 8, 633–645, July 24, 2014 ª2014 The Authorsboth the CD4+ and CD8+ memory and naive groups showed
maximal pZap70 (Figure 4A). These changes were not observed
in any cognate Bys T cell nodes, effectively ruling out secondary
paracrine cytokine-induced activation (Figures 4A and S4A).
Zap70 activation in V+ T cells was also temporally regulated
across the T cell continuum; some cell clusters showed in-
creased phosphorylation at 48 hpi and others at 72 hpi, whereas
some nodes displayed no phosphorylation at either of the two
time points. A significant proportion of V+ pZap70+ T cells also
exhibited activation of downstream proteins, indicating that
pZap70 signaling cascades were triggered (Figure 4D). For
example, phosphorylation of SLP76, an adaptor protein acti-
vated by pZap70, was increased in V+ T cells across different
populations (Figure 4B) and a significantly higher proportion
(p < 0.05) of pZap70+ V+ T cells expressed pSLP76 (31%)
compared to UI T cells (20%) (Figure 4D). pZap70 V+ T cells
also had some detectable phosphorylation of these proteins,
attributable to the dynamics of phosphorylation events and
redundant activation via other pathways (Figure S4B; Table S2).
Notably, single-cell analysis of V+ T cells also revealed
signaling patterns not characteristic of TCR activation. Phos-
pho-Erk1/2, typically induced by pZap70 via the Ras/Raf/MEK
pathway, was unchanged or reduced in V+ T cells compared to
basal expression in UI and Bys T cells (Figures 4C and S4A;
Table S2). Overall, pZap70-SLP76 pathway activation coincided
with Erk1/2 activation in only 3%–5% of V+ T cells suggesting
that VZV infection inhibited Erk1/2 activation, which would
potentially block T cell cytokine responses.
pZap70 signals into the MAPKAPK2 pathway via p38 kinase,
which can be activated via classical MAPK or nonclassical
TCR-Zap70 pathways (Salvador et al., 2005). A high proportion
of UI T cells expressed basal pMAPKAPK2 and its downstream
substrates, S6 and CREB, representing steady-state pathway
activation (Figure S4C). However, VZV infection enhanced
phosphorylation of MAPKAPK2 and its substrates significantly
compared to UI T cells, and these phosphoproteins were also
expressed in a higher proportion of V+ T cells (Figures 4E–4G
and S4D; Table S1). Increased pMAPKAPK2 in V+ T cells is likely
to be due in part to pZap70 because 52% of pZAP70+ V+ T cells
expressed high pMAPKAPK2 compared to 34% of UI and 32%
of pZAP70 V+ T cells (Figures 4D and S4B). It was accompanied
by activation of key downstream effectors, CREB and S6, in
most cells; 54% and 46% of pMAPKAPK2+ V+ T cells were
pCREB+ and pS6+ compared to 24% and 30%, respectively,
in pMAPKAPK2 V+ T cells (Figures 4H and S4E; Table S3).
VZV infection also regulated the Akt signaling axis. Phospho-
Akt activates mTOR Complex 1 leading to activation of down-
stream factors including NFkB, 4EBP1 and S6 involved in
T cell survival and motility. Akt phosphorylation is mediated
predominantly by PI3K downstream of both TCR and CD28
engagement via Lck and following integrin-mediated activation
of focal adhesion kinase (FAK). As noted above, CD28 was
upregulated on V+ T cells (Figure 2C). Forty percent of V+ T cells
expressed pAkt compared to 30% of UI/Bys T cells at 48 and
72 hpi (Figures 5A and S5A; Table S1). pAkt substrates also
exhibited significant phosphorylation in V+ T cells, 50%, 43%,
and 49% of pAkt+ V+ T cells were p4EBP1+, pS6+, and pCREB+,
respectively (Figures 5B, 5E, and S5B; Tables S1 and S4). IkBa,
Figure 4. Activation of the Zap70 Pathway in VZV-Infected T Cells
(A–D) Fold change in expression of pZap70 (A), pSLP76 (B), and pErk1/2 (C) in V+ and Bys T cells at 48 and 72 hpi relative to UI T cells by SPADE (see Figure S4A).
Relevant subpopulations on the SPADE trees are marked for reference in (A), left panel. (D) Maximum likelihood estimate (MLE) showing the proportion of
pZap70+ T cells that also expressed the indicated downstream signaling proteins in V+, Bys, and UI T cells.
(E–G) Comparison of the fold change in expression of the indicated phosphoproteins in V+, Bys, and UI T cells at 48 hpi (blue: minimum; red: maximum).
(H) MLE showing the proportion of pMAPKAPK2+ T cells that also expressed pCREB and pS6 in the V+, Bys, and UI T cells. MLEs in (D) and (H) were determined
using data from five independent experiments; p values (***p < 0.05; Mann-Whitney-Wilcoxon test). See Figure S4; Tables S2 and S3.the NFkB inhibitor, is degraded following phosphorylation.
Although IkBa expression was constitutive across all UI/Bys
T cells, 20% of V+ T cells showed decreased IkBa at 48 hpi,
indicating NFkB activation (Figure 5C; Table S1).
Of interest, FAK phosphorylation was upregulated in 32%
of V+ compared to 23% of UI T cells (p < 0.001) (Figure 5D;
Table S1), consistent with increased CD11a and CD49d integrins(Figure 2E). Surface CD49d forms a complex with FAK, a nonre-
ceptor tyrosine kinase that triggers integrin-mediated signaling
via PI3K/Akt.
Thus, VZV activated existing Akt as well as Zap70 pathways in
T cells, both of which are pivotal for signaling that culminates
in enhanced T cell survival and migratory functions. Varia-
tions in protein phosphorylation states were apparent acrossCell Reports 8, 633–645, July 24, 2014 ª2014 The Authors 639
Figure 5. Activation of the Akt Pathway in VZV-Infected T Cells
(A–D) Fold change in expression levels of pAkt (A), p4EBP1 (B), IkBa (C), and pFAK (D) in V+ and Bys T cells at 48 and 72 hpi relative to UI T cells by SPADE (see
Figure S5A) (blue: minimum; red: maximum).
(E) Maximum likelihood estimate (MLE) showing the proportion of pAkt+ T cells also expressing the indicated downstream signaling proteins in the V+, Bys, and UI
T cells determined from five independent experiments; p values (***p < 0.05; Mann-Whitney-Wilcoxon test). See Figure S5; Table S4.hierarchical nodes and time points, which showed that VZV
infection modulated T cell signaling in a dynamic manner, and
underscored the importance of assessing single cells at a multi-
parametric scale.
Integrated Analysis of Signaling Changes in Infected
T Cells
Because increased detection of a given phosphoprotein could
result from higher signal intensity in a single cell and/or its
expression in higher proportion of total cells, we derived an
Activation Index (AI) parameter for each protein. AI was defined
as the product of the mean intensity of expressed (standardized)
single-cell values and the proportion of T cells expressing
the protein within a specific subpopulation. In this analysis,
an analog-to-digital transformation was carried out where the
continuum of phosphoprotein expression values was discretized
into ‘‘high’’ (>70th percentile) and ‘‘low’’ (<70th percentile or
none), relative to UI T cells. The change in each signaling
protein was quantified and visualized on a simplified pathway640 Cell Reports 8, 633–645, July 24, 2014 ª2014 The Authorschart (Figure 6A). The AI for each protein is depicted as a
bifurcating branch with the circles on the left and right branches
corresponding to the AI of the given protein in UI and V+ T cells,
respectively. As shown, AIs of eight phosphoproteins were
significantly higher in V+ T cells compared to UI and Bys
T cells, whereas two (IkBa and pErk1/2) were lower (Figures 6A
and S6A; Table S5). AIs for Bys T cells were similar to the UI
T cells (Figure S6A). Single-cell resolution methods showed
that V+ T cells had an overall increase in expression intensity at
each node along most pathways, except pSLP76-Erk1/2.
Further, AIs were determined for each of the 12 subpopula-
tions to identify potential differences in signaling responses.
The AI for each protein was calculated for the V+ T cells and
compared with AI for the UInn T cells (derived by SLIDE) and total
UI T cells. V+ and UInn T cell comparisons included the same
number of cells per group, taking into account that relatively
fewer T cells were infected. V+ T cells showed significant
changes in AIs compared to both UInn and UI T cells, whereas
the phosphoprotein profiles of UInn and total UI T cells did not
Figure 6. Analysis of Cell Signaling Pathway Activation in VZV-Infected T Cells
(A) Schematic of T cell signaling, indicating the hierarchical locations of the phosphoproteins that were tested (boldface font). VZV particles and green arrows
indicate the point at which activation of the signaling pathway was detected in VZV-infected T cells or where it was downregulated. The activation index (AI) was
calculated for each phosphoprotein in V+ andUI T cells and represented as circles on the pathway diagram. Basal activation in UI T cells is shown as red circles on
the left branch, with circle sizes corresponding to the AI for each protein. The right branches show the fold changes in AI for each protein in V+ T cells relative to UI
T cells, green circles indicate an increase and yellow circles indicate a decrease in AI.—, activation; - -, inhibition. Proteins noted in small font are intermediate
pathway components, not tested. See Figure S6A.
(B) Comparison of phosphorylation determined by calculating the AIs for each phosphoprotein in V+, UInn, and total UI T cells for two representative CD4
+ T cell
subpopulations, CD4+RO+ and CD4+RO+RA+. The mean AI (±SD) (y axis) for each protein in V+, UInn, and total UI T cells was calculated from five independent
experiments. p values were determined by one-sided Student t test (p < 0.05) for each protein compared between V+ and UInn T cells and for V+ and total UI
T cells. Mean ± SD. See Figure S6B; Tables S5 and S6.differ. Data for twoCD4+ subpopulations are shown as examples
(Figure 6B; see also Figure S6B; Table S6). The pattern of
signaling changes was consistent in all subpopulations, albeit
with some quantitative differences, which further supports our
premise that VZV infects various T cell subpopulations and
infection results in similar remodeling regardless of cell diversity.
Verification of the Remodeling Capacity of VZV Infection
Using Naive T Cells
Effector memory T cells are primed for tissue homing and
infection of such subpopulations would likely require limited
modulation. Conversely, a robust remodeling would be required
in naive T cells because these cells have not been previously
sensitized for either activation or tissue migration. Thus, altered
profiles of V+ naive T cells would support the remodeling hypo-thesis. To analyze naive cells, V+ T cells expressing CD45RA,
either alone or with CD45RO, were identified and matched with
analogous UI T cells expressing CD45RA. The AIs for each
phosphoprotein in UI and V+ T cells were determined (Figure 7A;
Table S7). CD45RA+RO V+ T cells showed Zap70 pathway
activation only, with no significant changes in pAkt or pFAK,
whereas the dual CD45RA+RO+ V+ T cells, characteristic of
T cells undergoing the transition from the naive to memory
phenotype, showed both ZAP70 and Akt activation. Naive V+
T cells also expressed activation proteins, e.g., CD69 and
CD279, which are otherwise not found on these cells (Figures
3A and 7B).
Finally, we confirmed that VZV infection reconfigured T cells
to have activation and skin trafficking characteristics under
the most challenging conditions where purified CD4+N T cellsCell Reports 8, 633–645, July 24, 2014 ª2014 The Authors 641
Figure 7. Verification of the Remodeling Capacity of VZV Infection Using Naive T Cells
(A) Activation index (AI) of each phosphoprotein in the UI, Bys, and V+ T cells in the two subpopulations expressing CD45RA, either with or without CD45RO.
p values were determined by one-sided Student t test (p < 0.05). Changes were significant in V+ T cells when compared to UI and/or Bys cells in the CD45RA+RO
subpopulation (lower panel) except for those marked with black dots. Mean ± SD. See Table S7.
(B) Box plots showing expression intensity (y axis) of CD69 and CD279. Fold changes in the median expression of the two proteins were determined; p values:
Wilcoxon signed-rank nonparametric test ***p < 0.001.
(C) PCA scatterplot of pooled UI (red), Bys (blue), and V+ (green) purified naive CD4+ T cells and the agglomerative clustering heatmap, as determined using equal
number of cells from each population. The arrow indicates V+ T cells that form a cluster distinct from UI/Bys T cells on the PCA plot and also form a hierarchically
distinct group on the heatmap. V+ T cells were iteratively compared with a randomly selected equal number of UI and Bys T cells; a representative iteration is
shown.
(D) Fold changes in expression of indicated surface markers on V+ T cells, relative to UI T cells. The white arrow indicates the SPADE node displaying changes in
several surface markers compared to the UI and Bys T cells. See Figure S7.were infected with VZV. Again, V+ T cells formed a phenotypic
cluster distinct from Bys and UI T cells (Figure 7C) and had
significant changes in cell-surface proteins compared to Bys
and UT T cells (Figures 7D and S7A). CD45RO (memory marker)
and CD69 (activation marker) were upregulated, and CCR7,
CD27, CD38, and CD25 were reduced (Figure 7D). These
changes indicated that naive T cells infected with VZV had
acquired traits of activated effector memory T cells, typically
induced through TCR-mediated signaling. The changes of
increased CD28, CD11a, CD49d and reduced CD3, CD7, and
CD44 also occurred (Figure S7B), as we observed on both naive
and memory T cells when unseparated CD3+ T cells were in-
fected. V+ T cell profiles did not resemble any pre-existing
population of UI T cells, as determined by SLIDE. These
findings showed that in addition to modulating memory T cells,642 Cell Reports 8, 633–645, July 24, 2014 ª2014 The AuthorsVZV infection resulted in the differentiation of naive T cells to
a phenotype with characteristics that support skin trafficking
and remodeling occurred in the absence of other CD3+ T cell
subpopulations.
DISCUSSION
Although VZV lymphotropism is essential for pathogenesis,
investigating viral infection of T cells presents difficulties
commonly encountered in probing the interactions of microbial
pathogens, due to the phenotypic and functional heterogeneity
of differentiated host cells. In these experiments, deep profiling
enabled by high-dimensional data sets generated by single-
cell mass cytometry (13 107 single-cell measurements/exper-
iment) and rigorous analytic methods showed that VZV-infected
tonsil T cells across their maturation continuum and elicited state
transitions that altered cell-surface architecture and intracellular
signaling dramatically. The capacity of this recently developed
technique to yield new insights was evident because V+ T cells
exhibited properties of activated effector memory T cells with
tissue homing and specifically skin trafficking characteristics,
regardless of their basal profiles, which was contrary to our
earlier work suggesting the preferential infection of this sub-
population (Ku et al., 2002). Importantly, for demonstrating re-
modeling of T cells, these properties were acquired when naive
T cells were infected with VZV but not by naive Bys T cells.
Overall, multiparametric analyses of single cells revealed
many changes in surface marker expression and activation of
cell signaling pathways in V+ T cells compared to UI and Bys
T cells. Our new statistical tool, SLIDE, showed that V+ T cells
comprised a distinct population. The potential sources of T cell
remodeling include both intrinsic cellular responses, e.g., viral
DNA and RNA sensors, as well as VZV regulatory proteins.
VZV encodes several proteins, including IE62, IE4, ORF10, and
IE63 that can modulate host cell gene transcription by forming
an ‘‘interactome’’ with host factors to transactivate viral or cell
promoters (Arvin and Gilden, 2013). Viral proteins also activate
cell signaling proteins (Liu and Cohen, 2013) and VZV kinases
may target cell as well as viral proteins for phosphorylation.
Alterations induced by VZV infection against the background
heterogeneity of basal characteristics of host cells would not
be evident from infecting uniform populations of tissue culture
cells. Differential effects such as variations in the level of
phosphorylation of signaling proteins would also be obscured
by averaged measurements generated by probing lysates of
infected cells as opposed to single-cell analysis. In addition,
multiparametric single-cell analysis was important in this study
of VZV T cell infection because a combination of up- and down-
regulation of several T cell surface markers is needed to facilitate
skin trafficking. The presence or absence as well as quantitative
differences in expression of various markers contribute to this
functional skin homing profile. Furthermore, single-cell mass
cytometry made it possible to measure surface changes concur-
rently with activation of cell signaling pathways in VZV-infected
T cells. The method also offers opportunities for further study
of specific viral and host cell factors that may contribute to
outcomes. For example, infecting differentiated T cells with
VZV mutants has the potential to reveal what viral proteins
are involved in particular T cell changes, and molecular inhi-
bitors of viral or cell functions can be tested to assess their
contributions.
Investigating perturbations of cell signaling is advantaged by
high-dimensional single-cell analysis because of the dynamic,
networked nature of these processes and their stochastic nature
in differentiated cells (Bendall et al., 2011). We found that VZV
infection triggered at least two important cell signaling pathways
in tonsil T cells. These pathways typically orchestrate the im-
mune response to a cognate antigen either by TCR stimulation
via major histocompatibility complex (MHC) ligation, which
initiates the Zap70 signaling cascade, or by ligand binding to
costimulatory molecules, such as CD28, which activates the
Akt pathway. Effects of VZV infection occurred at early stages
of these intracellular processes, as shown by phosphorylationof multiple downstream proteins. Whether mediated directly
through viral protein functions, or indirectly via cell intrinsic re-
sponses, the consequence of VZV infection was to hijack the
usual T cell mechanisms for self-modulation. However, effects
of VZV infection did not fully recapitulate TCR activation because
Erk1/2 was not phosphorylated in infected T cells, whereas Erk1/
2 activation is important for TCR-regulated cytokine production
(Egerton et al., 1996) and could be detrimental to VZV replication.
T cell activation in VZV-infected cells was evident from higher
CD69 and PD-1 and lower CD3ε expression on V+ T cells and
was consistent with intracellular effects; for example, CD69
was associated with elevated pCREB, a CD69-specific promoter
enhancer. Although VZV infection was more efficient when the
activation threshold was lower, as it is in the CD4+M subpopula-
tion (Rogers et al., 2000), naive V+ T cells also expressed CD69,
CD279, and other markers, indicating that VZV infection induced
some activation even when basal conditions were the most
challenging. The influence of target cell characteristics may
help to explain age differences in varicella severity, because
children who have predominantly naive T cells usually have
very few varicella lesions, whereas adults with predominantly
memory T cells often have several hundred.
Upregulation of cell signaling in naive T cells and the absence
of Bys T cell activation showed that effects of VZV infection were
TCR independent, whether these changes followed from innate
responses, were mediated by viral gene products, or most likely
both. Of interest, the process of T cell activation by VZV infection
differed from T cell tropic viruses of other families, such as
HIV and HTLV, which induce TCR-independent activation of
signaling through Toll-like receptors (TLRs) 2, 5, or 7/8 and proin-
flammatory cytokines, which also activate bystander T cells
(Haas et al., 2011). Activation in V+ T cells was not likely attribut-
able to antigen-mediated effects because VZV-specific CD4
and CD8 T cell frequencies are very low (<0.1%) in VZV immune
individuals (Weinberg and Levin, 2010). Even if cytokines were
released in sufficient levels to modulate the populations of V+
T cells, cytokine release by proliferating antigen-specific T cells
would be detected as Bys activation, especially since CD4+M
T cells are highly responsive to cytokines and were common in
tonsils. Furthermore, similar changes were observed when naive
T cells were purified and infected in the absence of VZV-specific
T cells, as would occur during primary VZV infection. The
absence of Bys activation was consistent with clinical experi-
ence in that varicella is associated with relatively low frequencies
of infected lymphocytes and only mild, transient lymphopenia
(Arvin and Gilden, 2013), whereas primary HIV causes massive
CD4 T cell depletion through activation of uninfected T cells
(Haas et al., 2011).
Along with phenotypic changes to enhance skin migration,
CD3ε was depleted on V+ T cells, as also occurs during TCR-
mediated T cell activation (Alcover and Alarco´n, 2000). Because
CD3ε forms heterodimers with the CD3 g, d, and z isomers, its
downregulation would be expected to dysregulate the TCR-
CD3 complex and impair effector function. A similar loss of
CD3 is observed on HHV-6-, HTLV-1-, and HIV-infected T cells
(Akl et al., 2007a; Willard-Gallo et al., 2001; Sullivan and Coscoy,
2008). Loss of CD3 is further potentiated by expression of
PD-1, a negative regulator of TCR signaling (Parry et al., 2005)Cell Reports 8, 633–645, July 24, 2014 ª2014 The Authors 643
associated with T cell anergy and PD-1 was upregulated on V+
T cells. Dual expression of PD-1 and CXCR5 on V+ T cells was
an unexpected finding because these markers are characteristic
of follicular T cells (Tfh) and are associated with lymphoid
tissue homing. However, VZV infection induced skin homing
markers on CXCR5+ T cells, again demonstrating the capacity
of the infectious process to reconfigure heterogeneous T cell
populations.
Of interest, the reconfiguration of T cell surface proteins by
VZV infection had striking similarities to cutaneous T cell lym-
phoma (CTCL), in which the abnormal T cells migrate into the
skin in large numbers. Both VZV-infected and CTCL cells show
upregulation of CD28, low CD7 and CD11a, and a lack of
CD38, often with CD3neg/lo and CD49neg (Lima et al., 2003) and
PD-1high profiles (Samimi et al., 2010; Wada et al., 2011). These
observations suggest that this constellation of T cell surface
characteristics is especially effective in facilitating T cell traf-
ficking to skin. That these changes enhance VZV transport to
skin is reinforced by the very extensive cutaneous VZV lesions
observed in CTCL patients when they develop infection (Vonder-
heid and van Voorst Vader, 1980). However, VZV does not cause
malignant transformation of T cells even though infection acti-
vates T cell signaling pathways associated with oncogenesis,
including STAT3/survivin (Sen et al., 2012) and PI3K/Akt, as
shown here. Activation-induced cell death (AICD), which nor-
mally governs T cell homeostasis, appears to be delayed by
VZV infection long enough to permit viral transport to skin sites
of replication but without allowing time for oncogenic effects
associated with these signaling pathways.
T cells maintain a degree of plasticity of their differentiation
state for purposes of immune response functions and, whereas
a dynamic equilibrium is maintained at the population level, indi-
vidual cells within the T cell repertoire can undergo transitions
to different phenotypic and functional states in response to
environmental cues. In the case of VZV infection, the interaction
resulted in combinatorial changes that would favor pathogenesis
by activating primary tonsil T cells populations and reconfiguring
their cell-surface proteins to induce or enhance skin migration
profiles. Therefore, we propose that the pre-existing T cell plas-
ticity allows rapid generation of T cells with profiles that promote
viral transport to skin. Because VZV infection alters surface
marker and protein phosphorylation to varying degrees across
the T cell repertoire depending on the initial state, e.g., memory
or naive, resting or activated, single-cell analysis was required
to document the pathogenic process.
More generally, because differentiated host cells within tis-
sues are not homogeneous with respect to their basal state,
other viruses are likely to mediate a continuum of changes in
the cell types that must be targeted to support infection in the
natural host. Single-cell mass cytometry should valuable to
investigate these interactions using panels of metal labeled
antibodies to viral and host cell proteins of interest. Single-cell
mass cytometry could also be useful as platform technology
for translational research to design live attenuated viral vaccines,
by identifying viral mutations that inhibit infection in host cells
important for pathogenesis but not in those where replication
is needed to elicit immunity. Because this technique allows
tracking of the host cell cycle and signaling pathways, the644 Cell Reports 8, 633–645, July 24, 2014 ª2014 The Authorsplatform also has applications for screening small molecules
for antiviral activity in differentiated host cells while simulta-
neously mapping cellular effects relevant for drug safety. Thus,
singe-cell mass cytometry has value for enhancing basic
knowledge about the molecular biology of virus infection of
differentiated host cells and improving medical interventions.
EXPERIMENTAL PROCEDURES
Single-Cell Mass Cytometry
Tonsil T cell separation and VZV infection was done as described (Ku et al.,
2002), and T cells were infected with ORF10-GFP, a VZV recombinant with
ORF10 tagged with GFP at the C terminus (Nour et al., 2011) (see Supple-
mental Experimental Procedures). Paraformaldehyde fixed cells (2–3 3 106
cells) were incubated with metal isotope conjugated antibodies (Bendall
et al., 2011). Antibody reagents with tags are listed in the Supplemental Exper-
imental Procedures. Briefly, surface antibodies were added to a total reaction
volume of 100 ml for 30 min followed by permeabilization with cold methanol
(10 min at 4C) and intracellular staining for 30 min. Cells were resuspended
in 1:4,000 191/193Ir DNA intercalator (Ornatsky et al., 2008) (DVS Sciences)
and incubated overnight at 4C. Cells were washed, resuspended in distilled
water, and analyzed on the CyTOF mass cytometer (DVS Sciences) (Bandura
et al., 2009). Cytometer setting and data acquisition was done as described
(Bendall et al., 2011; Finck et al., 2013). Approximately 200,000 events were
acquired per sample. To make all samples maximally comparable, all data
were acquired using internal metal isotope bead standards (Finck et al.,
2013) and normalized to the standards before analysis.
Data Distribution
The files of the data analyzed are available as Tables S8–S15.
SUPPLEMENTAL INFORMATION
Supplemental Information includes Supplemental Experimental Procedures,
seven figures, and 15 tables and can be found with this article online at
http://dx.doi.org/10.1016/j.celrep.2014.06.024.
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